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Abstract. We present revised strontium, barium and europium abundances for 63 cool stars with metallicities [Fe/H] ranging
from —2.20 t0 0.25. The stellar sample has been extracted from Fuhrmann'’s lists (1998, 2001). It is confined to main-sequence
and turnoff stars. The results are based on NLTE line formation obtained in differential model atmosphere analyses of spectra
that have a typical S/N of 200 and a resolution of 40000 to 60000. The element abundance ratios reveal a distinct chemical
history of the halo and thick disk compared with that of the thin disk. Europium is overabundant relative to iron and barium in
halo and thick disk stars suggesting that during the formation of these galactic populations high-mass stars exploding as SNe I
dominated nucleosynthesis on a short time scale of the order of 1 Gyr. We note the importance of [Eu/Mg] determinations
for halo stars. Our analysis leads to the preliminary conclusion that Eu/Mg ratios found in halo stars do not support current
theoretical models of the r-process based on low-mass SNe; instead they seem to point at a halo formation time much shorter
than 1 Gyr. A steep decline of [Eu/Fe] and a slight decline of [Eu/Ba] with increasing metallicity have been first obtained for
thick disk stars. This indicates the start of nucleosynthesis in the lower mass stars, in SN | and AGB stars, which enriched the
interstellar gas with iron and the most abundant s-process elements. From a decrease of the Eu/Ba (@tio by, 0.15 dex

the time interval corresponding to the thick disk formation phase can be estimated. The step-like change of element abundance
ratios at the thick to thin disk transition found in our previous analysis (Mashonkina & Gehren 2000) is confirmed in this
study: [Eu/Ba] and [Eu/Fe] are reduced ky0.25 dex and~ 0.15 dex, respectively; [Ba/Fe] increases ®y0.1 dex. This is

indicative of an intermediate phase before the early stage of the thin disk developed, during which only evolved middle and low
mass & 8 M) stars contributed to nucleosynthesis. Our data provide an independent method to calculate the duration of this
phase. The main s-process becomes dominant in the production of heavy elements beyond the iron group during the thin disk
evolution. We find that in the thin disk stars Ba/Fe ratios increase with time from [Ba/F@]66 in stars older than 8 Gyr to

[Ba/Fe] =0.06 in stars that are between 2 and 4 Gyr old.
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1. Introduction during the thermally pulsing asymptotic giant branch (AGB)

, , . phase of low-mass star® - 4 Mg), and which dominates
Observations of heavy elements beyond the iron group in ol s nrocess contribution to Rb and heavier elements; and the

dwarf stars give useful information about nucleosynthesis Weaks-process which is thought to run in the cores of mas-
the Galaxy and also for some important parameters of the ey, stars, M> 10 My, and which corresponds to the lighter
lution of the Galaxy: initial mass function (IMF), star formationsjements with A< 85 (Kappeler et al. 1989). The r-process
rate (SFR), and a timescale for the formation of Galactic stellarassociated with explosive conditions in SNe II. Progenitors
populations. Abundances of these elements in the solar sys{gnsn |1 have much shorter lifetimes compared with those
have contributions in differing proportions from two processegs ogg stars, and there must be a delay in the onset of the
the s- and r-process of neutron capture. In turn, the overallgain s process nucleosynthesis compared with the production
process abundance pattern is best fitted by a combination,pf.yclei. The europium to barium abundance ratio is partic-
two s-process components: theain s-process which occurs gy sensitive to whether nucleosynthesis of the heavy ele-
ments occured in the s- or r-process. For the solar system mat-
Send offprint requests th. Mashonkina, terlogepy o — logepa,o = —1.67 (Grevesse et al. 1996). The
e-mail: Lyudmila.Mashonkina@ksu.ru contributions of the s- and r-process to the solar Ba abundance

" Based on observations collected at the German Spanignsist of 81% and 19% according to the most recent data of
Astronomical Center, Calar Alto, Spain
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Arlandini et al. (1999), whereas 94% of the solar europiuthin disk. To derive Eu abundances they used the very weak

originated from the r-process. Thus, the solar abundance EaHI subordinate line\6645 and obtained results only for 4

tio of Eu to Ba contributed by the r-process relative to the tetars. For these stars they found an overabundance of Eu rel-

tal abundances, [Eu/Bafpquals0.70. The oldest stars of the ative to Ba indicating a dominance of the r-process in heavy

Galaxy are expected to carry a significant Eu overabundareement production.

of about 0.7 dex relative to barium, provided that the r-process In Paper | we have determined the [Eu/Ba] abundance ra-

in early Galaxy was similar to solar one. A clear break in th#os for a larger sample (15) of stars on the base of non-local

run of [Eu/Ba] ratios with overall metallicity should signal thehermodynamical equilibrium (NLTE) line formation for Ba

onset of the contribution to barium by AGB stars, and the land Eul and it was shown that

cation of this break provides an independent estimate for the

timescale of star formation during the early stages of Galactie nhotonly the halo but also the thick disk stars reveal an over-

evolution. abundance of europium relative to barium with mean values
In our previous analysis (Mashonkina & Gehren 2000, Of [Eu/Ba]=0.64 and 0.49, respectively

thereafter Paper |) we have a|ready presented Ba and Eu abanlhere isa Step-like decrease in the [EU/Ba] ratios at the thick

dances in cool dwarf stars. An important advantage of that to thin disk transition

study was provided by taking into account the membership & the two halo stars with Eu abundances could be determined

individual stars in particular stellar populations of the Galaxy. Show an overabundance of europium relative to magnesium

The existence of the dynamically hot and metal-poaip stel- of above 0.2 dex.

lar population and the dynamically cool and metal-ritibk

population was outlined by Eggen et al. (1962) on the bas

dynamical and chemical data. This conclusion was suppor

by many the later observational results. Gilmore & Reid (1983). the halo and thick disk stellar populations were formed
offered the first evidence for the existence of another Galactic rapjdly during an interval comparable to the evolution time

stellar population, thehick disk The properties of the thick  of an AGB progenitor of 3 to 4\, because halo and
disk place it between those of the halo and the thin disk, and the thick disk stars reveal an insignificant contribution of the
key question is whether it is related to either of them in terms of g_process to barium synthesis

the Galaxy's chemical and dynamical evolution. Gratton et al. the star formation rate must have been high at that epoch
(1996) were the first to directly compare the [Fe/O] abundance pecause during this interval the metallicity of the Galactic

ratios of 15 thick disk stars with halo and thin disk populations. gas increased to [Fe/H] = —0.3

Their results reveal a nearly constant ratio in both halo and pefore the first stars of the thin disk evolved, there was
thick disk, and an increase of [Fe/O] by 0.2 dex during the 3 phase of nearly ceased star formation during which r-

a sudden decrease in star formation in the solar neighbourhoodgg were synthesized in evolved low-mass stars.

at that epoch. A new, clear evidence of chemical distinction of
the thick from thin disk was given in the study of Fuhrmanim addition, one problem remained unsolved in Paper |. One
(1998). For a sample of 50 stars he found a clear separattmmmonly believes that Mg and Eu are mainly produced in
of the [Mg/Fe] ratios between the two stellar populations arf®N Il explosions but the question is whether the and r-
inferred an intermediate phase of low or even ceased star forecess occur in a common site. What are the progenitor
mation before the earliest stars of the thin disk were formeaasses of SNe Il in which the r-process runs with the high-
~ 9 Gyr ago. est efficiency? And what about similar values femprocess?
Last year there appeared several studies (Gratton et @uyr data on the [Eu/Mg] abundance ratios in the two halo stars
2000; Prochaska et al., 2000; Mashonkina & Gehren, 20@@int to different sites of r-process amdprocess nucleosyn-
Bernkopf et al., 2001) which present strong additional evidentteesis.
for a distinct chemical history of the thick and thin disk. From Our work was, however, restricted to a rather small sam-
the [Fe/O] and [Fe/Mg] ratios for the sample of about 300 stgpge of only 15 stars with Eu abundances and 29 stars with Ba
Gratton et al. (2000) argue that the halo and thick disk fambundances obtained. To improve the significance of our earlier
mation occured on a short timescale and that there was a stmhclusions, we extend in this study our analysis to a total of
den decrease in star formation between the thick and thin d&k stars. As in Paper | the stars are selected from Fuhrmann’s
phases. The new study of Munich astrophysicists ( Bernkopf(&098, 2001) lists. Fuhrmann’s sample of cool nearby stars with
al., 2001) for an extended sample ef {00) stars improves the metallicities [Fe/H] from—2 to 0.25 includes only main se-
statistical significance of the earlier conclusions of Fuhrmanuence stars (MS) or stars close to the MS with carefully de-
(1998). For a sample of 10 thick disk stars Prochaska et aved stellar parametef&.«, log g, [Fe/H] and microturbulence
(2000) have determined abundances of severalements, O, Vi, and, thus, provides a reliable base for element abundance
Mg, Si and Ca, light elements, Na and Al, iron peak elemendeterminations and the study of Galactic chemical evolution.
and heavy elements, Y, Ba and Eu. From comparison of thEor all the stars added to our new sample high-resolution spec-
results with abundance studies of the halo, bulge, and thin disk observed af? ~ 60000 are used. We will show in the
taken from the literature they conclude that in the majority @resent analysis that the basic results of Paper | are still valid
cases the thick disk stars exhibit X/Fe ratios distinct from tfend some new observational findings constraining the models

eFer these observational results the conclusions important for
{eg Galaxy'’s evolution follow immediately
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of Galaxy evolution become apparent. The most important 2f Observations, stellar parameters and model
them is a slight decline of the [Eu/Ba] abundance ratios with in- atmospheres

creasing metallicity for the thick disk stars, which can be used

to calculate the duration of star formation in the thick disk stePUr results are based on spectra observed mostly by Klaus
lar population. Fuhrmann and in part by Andreas Korn and the late Michael

Pfeiffer using the fiber optics Cassegréichelle spectrograph
FOCES fed by the 2.2m telescope at the Calar Alto observatory

In addition to barium and europium, strontium abundanc@8&ring 10 observing runs in 1995 - 2000. The data cover an ap-

are determined in this study. The most abundant Sr isotop@@ximate spectral range of 4000 - 70Q0in total, our sample
863y, 87Sr and®®Sr, have masses that lie on the boundary b8OW includes 63 stars: 27 stars from our previous work (Paper

tween nuclei produced by tiveeakandmains-process. Based!): 24 stars newly observed in January and May 2000, and 12
on calculations of stellar models for 1.5 and 3,MGB stars thin disk stars observed earlier and added to cover as best as
Arlandini et al. (1999) have found an 85% contribution of thRossible the metallicity range of the thin disk. Table 1 lists all
main s-process to solar strontium. The contribution of the wel{le Néw stars plus 19 stars from Paper | for which Sr abun-
component can only be estimated: using a classical approgéﬁ‘ces were determined. Almost all of the stars were observed
Arlandini et al. obtain 6% , and for the main component 9098t least tw!ce. For the 1995 spectra (11 stars of our old sample)
the remaining 4% correspond to residuals of the r-process !f}¢ resolving power was- 40000 and the later spectra of 52
fact, the uncertainty of r-process and weak s-process conf@rs were observed af A\ ~ 60000. The signal-to-noise ra-
butions may be a factor of 2 or even larger. Keeping in mirft i ~ 200 in the spectral range where the Ba4554, A5853
that s-nuclei of Ba are produced only by the main s-proce®8dA6496 lines are located and 100 in the range of the Eu
which is described much better compared with the weak conft129 and Sn A4161,14215 lines.
ponent we can use the strontium-to-barium abundance ratio as\WWe use spectra reduced according to the description given
a useful diagnostic of the type of s-process that formed &t Pfeiffer etal. (1998). Stellar element abundances are derived
Strontium is more abundant than barium and the &sonance from line profile fitting and the instrumental profile is found
lines A4077A and AM4215A can be detected even in extremelyrom comparison of FOCES Moon spectra with the Kitt Peak
metal-poor stars. However, both lines are strongly blended ap@lar Flux Atlas (Kurucz et al. 1984). Observations are well
element abundances must be derived using synthetic spediit®d by a Gaussian of different values for different observing
The study of Gratton & Sneden (1994) is based on synthetihs (i.e. from 3.2 kms'to 5 kms™).
spectra of only the Sr A\4215 line, but in most investigations ~ As in Paper | we use stellar parameters determined mostly
(Hartmann & Gehren 1988; Magain 1989; McWilliam et alby Fuhrmann (1998, 2001) spectroscopically: effective temper-
1995; Ryan et al. 1996) Sr abundances are based on eqalwesT.g from Balmer line profile fitting, surface gravities
alent widths (W) of the Sni lines. Other investigations uselog g from line wings of the Mg Ib triplet, metallicities [Fe/H]
the weaker Srresonance lin@4607 (Gratton & Sneden 1994;and microturbulence valuds,;. from the Fal line profile fit-
Jehin et al. 1999). However, in the case of minor species sucliiag. For three stars, HD 19445, BD2375 and BD 342476,
Sri some uncertainties of elemental abundances are expeastedadopt the stellar parameters determined by Andreas Korn
due to using the LTE assumption. Therefore the observatiofa000) obtained with the same methods. All parameters are
situation with Sr abundances in cool stars is not clear. In tigiyen in Table 1.The identification of stellar population
study we obtain strontium abundances from tha Snes on for all stars of our sample is from Fuhrmann (1998) and
the base of NLTE line formation using synthetic spectra. NLTBernkopf et al. (2001), based on the star’s kinematicsy-
effects for Sm in cool metal-poor stars are considered for thelement enhancement and age.
first time. We use in this study the method of NLTE calcula- For each star a line-blanketed LTE model atmosphere has
tions for Sni developed by Belyakova & Mashonkina (1997).been generated at given valuegdpg, log g, [Fe/H] and p/Fe],
where p/Fe] is the relative abundance of the most abundant
a-process elements O, Mg and Si, which in cool stellar atmo-
The remaining paper is organized as follows. Observatiossheres contribute in significant amounts to the electron pres-
and stellar parameters are described in Sect. 2. NLTE bsure. We assume that oxygen and silicon abundances follow
ium and europium abundances obtained using the methodsmagnesium and adoptfFe] = [Mg/Fe]. The [Mg/Fe] abun-
scribed in Paper | are discussed in Sect. 3. In Sect. 4 we dance ratios are taken from Fuhrmann (1998) and Bernkopf
scribe the Sn model atom and NLTE effects for 8t In the et al. (2001) analyses. Three aspects concerning model atmo-
next sectiorsolar Srii line profiles are fitted to improve em-sphere calculations are worth mentioning
pirically three types of atomic parameters important for further
analyses of stellar spectra: the efficiency of collisions with hyt. The mixing-length parametéfH, was adopted to be 0.5.
drogen atoms in Sr kinetic equilibrium, van der Waals damp- 2. The opacity distribution functions (ODF) are interpolated
ing constants of the 3r lines and oscillator strengths of line  from Kurucz' (1994) ODF tables for the proper stellar
blends. Stellar strontium NLTE abundances are presented at themetallicities. In addition, they were scaled b¥).16 dex to
end of this section. In the final section we discuss the element reset the iron opacity calculated by Kurucz witlg eg, =
abundance ratios and implications for nucleosynthesis and the7.67 to the improved meteoritic valubger, = 7.51,
evolution of the Galaxy. which we believe to be the best representation of the solar
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Table 1. Stellar parameters of the selected sample. Most of the entries mixture. We refer to abundances on the usual scale where

are self-explanatorynic is given in kms*

logen = 12.
3. The b-f opacities were computed with solar abundances

HD/BD Ter logg Vmie [Fe/H] [Ba/Fe] [EulFe] [SriFe] taken from Holweger (1979) and scaled according to the
3795 5870 382 1.0 -064 0.02 056 0.04 stellar metallicity. In addition, abundances @felements
4614 5940 4.33 10 -0.30 0.03 011 0.00 O, Mg and Si were scaled by the stellar Mg/Fe ratio. We

10519 5710 4.00 11 -0.64 -0.05 0.38 0.06 ' .. .
10697 5610 3.96 10 010 -001 -008 -o17 hote that the a_ddmonal electron pressgreomnhanced_
18757 5710 4.34 10 -0.28 -0.11 025 -012 models results in a measurable weakening of spectral lines
19445 6060 4.44 1.4 -199 -0.13 _  _013 of dominant ionization stages such asiSBall, Eull. The
22879 5870 4.27 1.2 -086 -0.02 0.42 0.07 effect increases with decreasing temperature. For example,
30649 5820 4.28 12 -0.47 -0.10 0.32 -0.10 anincrease afi-element abundances by 0.4 dex in a model
30743 6300 4.03 16 -045 -0.02 0.13 —  atmosphere leads to Ba abundances obtained from stellar
37124 5610 444 09 -044 -0.12 0.30 -0.11 spectra increasing by about 0.1 dex.
43042 6440 423 1.5 0.04 0.00 -0.02 0.10
45282 5280 3.12 14 -152 -0.07 0.60 -0.08In Paper | for stars with [Fe/HK —0.6 model atmospheres
52711 5890 431 1.0 -0.16 0.01 0.05 -0.02were interpolated from a grid of--enhanced models with
55575 5890 425 10 -036 -005 020 -0.10[q/Fe]= 0.4, whereas those for thin disk stars referred to a grid
58855 6310 4.16 14 -032  0.08 - — of model atmospheres without anyenhancement. However,
g;ggi 234718 3'22 12 :8'23 :8'32 8'261; _g'gg the observed [Mg/Fe] ratio can differ from 0.4 dex in metal-

' ' ' ' : " poor stars (for example, HD 103095: [Mg/Fe] = 0.28) and from
64606 5320 454 1.0 -0.89 -0.09 0.47 -0.04 . L
65583 5320 455 08 -073 —005 046  0.02 Oin th!n disk stars (for example, HD 117175: [Mg/Fe] = 0.08).
67228 5850 3.93 1.2 012 -0.06 -0.13 -0.06For this reason Ba abundances obtained in our prgsent study
68017 5630 4.45 0.9 -040 -012 028 -0.11May deviate by up to 0.04 dex from the corresponding values
69611 5820 4.18 1.2 -060 -0.11 0.36 0.05 calculated in Paper I.
84937 6350 4.03 1.7 -2.07 0.00 - -0.12
90508 5800 4.35 1.0 -0.33 -0.03 0.26 -0.12 . .

102158 5760 424 11 -046 -013 034 —0.013- Barium and europium abundances for the

103095 5110 466 0.8 -1.35 0.00 055 -0.11 Stars

1(1)2322 2328 2:22 é% :8:4212 :8:(1); 0.28 —0.12We use the same method as in Paper | to derive Ba and Eu

114710 6000 430 1.1 -003 0.07 0.01  0.05a@bundances for the stars. The synthetic line profiles are com-

117176 5480 3.83 1.0 -0.11 -004 0.04 -0.14buted using the departure coefficients of thelBand Eul

121560 6140 4.27 1.2 -0.43 0.06 0.14 0.08 levels from the code NONLTE3 (Sakhibullin 1983) and the

126053 5690 4.45 1.0 -0.35 -0.11 0.14 -0.10LTE assumption for other atoms. The line list is extracted

130322 5390 455 0.8 0.04 0.03 -0.04 — from Kurucz’ (1994) compilation, and it includes all the rel-

132142 5240 458 0.7 -0.39 -0.09 0.26 — evant atomic and molecular lines. A differential analysis with

134987 5740 425 1.0 025 -0.12 -0.17 -0.10respect to the Sun is performed. Solar barium and europium

142373 5840 384 1.2 -057 -0.06 0.23 -0.06 abundancespg €Bae = 2.21 andlog €pu,e = 0.53, and van

144579 5330 459 08 -069 -0.08 046 —0.044ar \Naals damping constantg for the Bail and Eul lines

157214 5735 424 10 -034 -013 034 008, 0 jotermined in Paper | from solar line profile fitting. The

168009 5785 423 10 -0.03 -0.08 -0.08 -0.09 .

176377 5860 443 09 -027 014 B ~methods pf NLTE calcylatlonsf for Baand Eul were d_evel—

179957 5740 438 0.9 -001 -006 0.03 —0.140ped earlier (Mgshonklna & Bikmaev 1996; Mashonkina et al.

179958 5760 4.32 0.9 0.02 -0.04 0.00 -0.12 1999; Mashonkina 2000; Paper |). Some examples of the Ba

187923 5730 401 1.1 -0.17 -0.05 0.13 -0.10and Eui stellar line profile fitting were given in Paper I.

188512 5110 3.60 0.9 -0.17 0.09 0.03 -0.10 Bariumabundances have now been determined for the 63

194598 6060 4.27 14 -112 -0.03 0.58 -0.11stars most of which are listed in Table 1; for 62 of them

195019 5800 4.16 1.0 0.04 -0.03 0.00 -0.12abundances are obtained both from the subordinate IBes,

198149 4990 3.40 1.0 -0.14 004 001 — A5853 and 6496, and from the resonance line554. As dis-

201891 5940 424 12 -105 -005 = 042 -0.02¢yssed earlier the Baresonance line is strongly affected by

;g;z;g gg;g 2'2‘3" 1? :832 828 0 16 0 1_1 hyperfine structure (HFS) and, as a result, Ba abundances de-

' ' ' ‘ ‘ " rived from this line depend on the even-to-odd Ba isotope abun-

222794 5620 394 12 -0.69 -0.10 0.38 0.05 . . . .

2°3375 6200 431 14 -215 -0.18 _  _p e Yance ratio adoptled in calculatlops. A difference between Ba

abundances obtained at solar ratio 82:18 (Cameron 1982) and

HDIBD Tur Tozg Ve [Fe/H] [Ba/Fe] [Eu/Fe] [SrFe] the pure r-process ratio 56:44 (Arlqndini et al. 1999) can reach

0°2245 5630 3.85 12 -1.13 019 0.22 t0 0.2 dex (HD45282) and it is minimum (0.08 dex) for the

34°2476 6330 4.03 1.8 -1.96 0.13 _ _p21 most metal-poor stars of our sample. That is why we prefer to
66°268 5340 4.60 09 -2.20 0.07 — _0.11 use Ba abundances from the subordinate lines free of HFS ef-

fect. However, for the three most metal-poor stars with [Fe/H]
< —2the only subordinate line availabl&;496, is very weak,
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and the Ba abundance is determined with an uncertainty of

about 0.1 dex. For these stars the resonance line profile leads 030
to a much better fit, and the Ba abundance obtained is more re- ¢.20| o 4
liable, provided that a realistic even-to-odd Ba isotopic ratio is “ o
used. We have shown in Paper | that barium seen in halo stars o.10}- o ©C -
must have been mainly produced by the r-process. Assuming@ . ©C o
pure r-process we have found Ba abundances from\4h&4 3 000 — e c e OO oo
line and compared them with the abundances from\é96 ~ — o1 * * . '3‘0 ..' &g
line: B * &° c |
[Ba(\d554),/Fe]  [Ba\6496)/Fe] ) A

HD 84937 -0.02 0.00 0-201 + ]

BD 2°3375 -0.11 -0.18 030 ‘ ‘ ‘ ‘ ‘

BD 66°268 0.01 0.07 -2.0 -15 [F-é'/%] 05 0.0

For each star the differendeg e (A4554),. — log € (\6496)
is within the Ba abundance errors, and keeping in mind that the w
abundance from the resonance line is more reliable we adoptit 0.0 . (‘%@5@ °
as the final Ba abundance. Thus, for these three stars and for .
BD 34°2476, with only the resonance line available, Ba abun-  -0.5- &Oggf' N
dances have been obtained from the resonance line under the o P
assumption of a pure r-process even-to-odd Ba isotope ratio 10 ;. ¢ 7
For the remaining 59 stars we have obtained Ba abundance& x
from the subordinate lines. If both of them were available the 5[ ® 7
average value was calculated. ’0 *
NLTE effects for Bal in cool stars were described in de- x, X
tail earlier (Mashonkina et al. 1999). Here we just note that 5| ‘ ‘ ‘ ‘ ‘ i
the kinetic equilibrium of Ba is strongly affected by radiative 2.0 -15 [-1./01 05 0.0
Fe/H

processes in b-b transitions because this is the dominant ioniza-
tion stage. As a consequence NLTE effects fornBiepend on )
the Ba abundance which correlates with the general metallicity- 1- The runs of [Ba/Fe] and [Ba/H] with [Fe/H]. Symbols corre-

spond to the thin disk (open circles), the thick disk (filled circles), and
of the mode_:l atmosphere. Thus, NLTE leads to a Strengthenl & halo stars (asterisks). The two stars indicated by a cross in an open
of the Ball lines compared with the LTE case at [M/B]—1.9

- o circle are transition stars according to Fuhrmann (1998). Error bars
and to the opposite effect at lower metallicities. NLTE effeCl$q ingicated at the lower left

are small for the weakest lin€s853. NLTE abundance correc-

tions ANLTE = log ENLTE — IOg ELTE do not exceed 0.1 dex

by absolute value. Significant NLTE effects have been found

for the second subordinate lin€496: Anp g is —0.2 dex on Europium abundances have been derived from theiEu
average in the metallicity rangel <[Fe/H]< 0.25; itreduces X4129 line for 51 stars of our sample. Even at spectral resolving
by absolute value to 0.10 - 0.15 dex at metallicities betwegBwer R = 60000 this line can not be extracted from noise in
—1.5 and—1, and it becomes positive up to 0.15 dex at evedpectra of the hot halo stars HD 19445, HD 84937,BBB75

lower [Fe/H]. AxprE is positive also for the resonance line irand BD34°2476. For the cool star BD 6868, with the low-

the four halo stars with Ba abundances derived from this lingst metallicity, [Fe/H] =—2.20, only a spectrum observed at

Its value is at maximum for the hottest star, HD 8498%1.re R = 40000 is available, and though the Eu\4129 line is de-
=0.30 dex and smaller for the coolest star, 8D268: AnrTr  tected its profile cannot be satisfactorily fitted. In addition, Eu
= 0.08 dex. For 52 stars with both subordinate lines availakjpundances could not be determined for all the stars observed
the mean value of the difference between NLTE abundanggsviay 1997 and September 1996 because no spectra were re-
derived from)\6496 and A\5853 equals 0.00t 0.03 dex, while duced shortward of 4304.

under the LTE assumption Ba abundances from the firstline are o¢ giscussed in Paper | NLTE effects weaken theilEu

systematically overestimated relativeltg e (A5853) With 34199 jine compared with the LTE case and NLTE abundance
the mean difference of 0.1+ 0.04. This gives reason t0 be-qrections are positive. For our stasr ranges from 0.03
lieve that the uncertainty of our NLTE line formation treatmerjeay 10 0.07 dex. The final [Eu/Fe] ratios are presented in Table
leads to Ba abundance errors not greater than 0.03dex. 1 gnd in Fig. 2, where the run of [Eu/H] with metallicity is
The final [Ba/Fe] abundance ratios are presented in TableHown, too. Uncertainties of stellar parameters cause abun-
and Fig. 1. In addition, in the bottom panel of Fig. 1 we givdance errors up ta\ logeg, = 0.06 dex (Paper I). The Eu
[Ba/H]. As the reference solar abundarieger., = 7.51 24129 line is located in a crowded spectral range and this can
adopted by Fuhrmann (1998, 2001) is used in stellar metallicigad to additional errors. To find a continuum level we fitted ob-
determinations. As discussed in Paper I, uncertainties of stearved spectra in the spectral range from 44284135, The
parameters cause abundance errors Upltg; e, = 0.11 dex. difference of Eu abundances derived from two spectra of a star
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to 0.3 dex that exceeds Ba abundance errors. At the same

06l " | time, a spread in [Eu/Fe] is within abundance errors.
' x X ° — We emphasize that both [Ba/Fe] and [Eu/Fe] abundance ra-
AR o tios reveal a distinction between thick and thin disk stellar
041 P ] populations. This distinction is more evident in the runs of
7 O.‘;@. [Ba/H] and [Eu/H] along metallicity (Fig. 1 and 2, bottom
3 %2r @2 7 panels). In the region of overlapping metallicities Ba abun-
- ®® o dances in the thick disk stars are lower by 0.1 dex, on aver-
0.0 & B age, while Eu abundances are higher by 0.15 dex compared
oo with the thin disk stars.
02 JF c
20 s 10 05 0.0 We note the star HD 3795 which reveals a chemical composi-
[Fe/H] tion closer to the halo than to the thick disk population. From
the two high-quality spectra observed atR60000 we have
02 . determined the elemental abundances:
[ ]
00 * g@ [Ba/Fe] = 0.02 and 0.01 from the Ba)\5853 and\6496,
[ ]
02k . .‘%QO& ¢ | [Eu/Fe] = 0.56 and 0.61 from the EuA4129 and\6645.
o
T ‘se. € The ratios [Ba/Fe], [Eu/Fe] and [Eu/Mg] in this star are higher
g o4 L N by 0.12 - 0.17 dex compared with the corresponding values in
X other thick disk stars.
06 N .
-0.8[- * -
» Table 2. Mean valuegBa/Fe] for thin disk stars of different ages
'10 L L L L |
20 s [ﬁé}%] 05 00 Age [Gyr] Number of stars  [Ba/Fe]
. - _ >8 7 —0.06 £ 0.03
Fig. 2. Variation of [Eu/Fe] (top panel) and [Eu/H] (bottom panel) with 6-8 7 —0.0340.04
[Fe/H]. Symbols are the same as in Fig. 1 4-6 8 0.01 + 0.07
2-4 5 0.06 & 0.07
<2 3 ?

is usually within 0.05 dex. We estimate a total Eu abundance
error of 0.1 dex.
Figs. 1 and 2 confirm the results obtained in Paper | and
show new features that have become apparent due to the extenwe have tried to find the reason for the large spread of
sion of the stellar sample. We summarize them as follows [Ba/Fe] among the thin disk stars and noted a marginal cor-
relation between the [Ba/Fe] abundance ratio and star's age.
— Inthe halo stars the [Ba/Fe] ratios are mainly between 0.@iellar ages have been estimated by Bernkopf et al. (2001) us-
and —0.13 with the exception, BR2°2476, where barium ing evolutionary tracks of VandenBerg et al. (2000) and recent
is evidently overabundant relative to iron: [Ba/Fe] = 0.13wn calculations. Allowing for an uncertainty of 1 Gyr for the
The three halo stars with Eu abundances available shstgllar age estimates we combined the stars into separate age
[Eu/Fe] ratios that are close together with a mean value gfoups and calculated for each group the mean vi@ugFe|
0.58. (Table 2). We do not giveBa/Fe] for stars younger than 2 Gyr
— The thick disk stars reveal a Ba underabundance relativebecause the three stars available do not represent this group
iron with a mean value [Ba/Fe] = —0.100.04 (except for in a statistically reliable way; for two of them, HD 43042 and
BD 0°2245 with [Ba/Fe] = 0.19; we will return to this star HD 130322, [Ba/Fe] = 0.00 and 0.03, respectively, and we note
below when discussing other element abundance ratios)aAurprisingly low [Ba/Fe] abundance ratio (—0.17) for Procyon
slight decline of the [Ba/Fe] abundance ratios with increa@-D 61421). It is evident from Table 2 that during thin disk
ing metallicity should be noted. In contrast to Ba, europiuevolution the Ba abundance in interstellar matter increased rel-
is overabundant relative to iron in thick disk stars with ative to the iron abundance by about 0.12 dex. So, at least part
clear decline of the [Eu/Fe] abundance ratios from aboot the observed spread in [Ba/Fe] may not be random. At the

0.5 at [Fe/H] =-0.9to 0.25 at [Fe/H] = -0.28. same time, Edvardsson et al. (1993) first noted, and Fuhrmann
— The thin disk stars reveal, on average, solar [Ba/Fe] aby@001) confirmed later, that the metallicity of thin disk stars
dance ratios with a mean value[®fa/Fe] = —0.01+0.06 correlates only weakly with the stellar age. For this reason we

and a decline of the [Eu/Fe] abundance ratios with increals not see any regular behaviour of the [Ba/Fe] ratios plotted
ing metallicity. There is a rather large spread in [Ba/Fe] uggainst [Fe/H] of thin disk stars (Fig. 1).
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Fig. 3. The Sr model atom. Linearized transitions are shown as solid 10 Teono
lines
Fig. 4. Departure coefficients; for some levels of St in the model
atmosphere of the Sun. Tick marks indicate the locations of line center
4. NLTE calculations for Sr 11 optical depth unity for the Sr lines. The resonance line core forms

) abovelog 15000 = —4
The NLTE problem for Sn was first treated on the base of a

realistic model atom by Belyakova & Mashonkina (1997). Here
we describe briefly the atomic data and new results.
The Sni model atom contains all levels with < 12 and We are interested in the behaviour of the levels contributing to
| < 4. Doublet fine structure is neglected except for4déD the subsequent line profile synthesis. These aréshed, 5p
and 5p2P° splitting. Thus, 40 bound levels of Srand the and6s levels.
ground state of 9 are included in the model atom. The cor- As Srii is the dominant ionization stage, no process affects
responding Grotrian diagram is shown in Fig. 3. TheBvels the ground state population, ahd keeps its thermodynamic
are taken into account only for number conservation becawsgiilibrium value. The metastable level is separated by 1.8
in all stellar atmospheres considered the rat{8r1)/n(Sri1) eV from the ground state and by 1.14 eV fr@m and there-
is smaller tharl0—* due to the low ionization energy of 8r fore collisional and radiative transitiodg — 5p have stronger
x(Sr1)=5.695 eV. effects on theid level population compared with collisional
The energy levels are from Moore (1952) and Lindgarebupling of this level to the ground state. The departure coeffi-
& Nielsen (1977). Sn transition probabilities from Wiese cients of4d and5p begin to deviate from 1 at the depths around
& Martin (1980) are believed to be the best. If they are ndtg 5000 = —1 where photon losses in the weakest €036
available the data of Kurucz (1994) or Lindgard & Nielsenfthe multiplet4d —5p start to become important. THe over-
(1977) are taken giving preference to the first of the twgopulation andp underpopulation are amplified in the upper
sources. Photoionization cross-sectionsifernp andnd lev- layers which are transparent with respect to the radiation of the
els have been calculated by the quantum defect method s strong lines of that multiplet. The overpopulation outside
ing Peach’s (1967) tables. For the remaining levels hydrogetig 7000 = 0.4 of all levels abovess is due to line pumping.
cross-sections are computed. For electron impact excitation Weidelog 75000 ~ —1.5 the 5p-level follows the ground state
use the formula of van Regemorter (1962) for allowed trague to strong radiative and collisional coupling. Several tran-
sitions and that of Allen (1973) for forbidden ones. Electrogitions such asp — 6d, 5p — 7s, 4d — 4f are pumped by
impact ionization cross-sections are computed according-ko— B, (T.) excess radiation in the layers where the line wing
Drawin (1961). For hydrogen collisions, we use the formulgptical depth drops below 1.
of Steenbock & Holweger (1984). Since this formula provides ¢From this behaviour of departure coefficients we expect
only an order of magnitude estimate, the cross-sections wétat the Sr resonance line\4077, \4215, and the lines
multiplied by appropriate scaling factors in order to produce10036,110327,010914 of multipletdd — 5p are amplified,
the best fit to the solar $rline profiles. whereas\4161 arising frombp is weakened compared with
The Sni kinetic equilibrium is calculated using the codehe LTE case. In line formation layers the departure coeffi-
NONLTES (Sakhibullin 1983), which is based on the completgents of the lower levels ofs — 5p and5p — 6s transitions
linearization method as described by Auer & Heasley (197&qual 1, and NLTE effects for the resonance line 2461 are
The advanced method of calculations has been described incftsed by a deviation of the source functip from B, (T.):
tail in our previous work (Mashonkina et al. 1999). Sss,5p = bsp/bss By(Te) < B,(T.) for the resonance lines
The Sni term structure is similar to that of Bg and the andSs, ¢s ~ b(6s)/b(5p) B,(Te) > B,(T.) for \4161. For
same mechanisms of departures from LTE are responsibletfue infrared triplet lines both, > 1 andb, /b, < 1 are valid
both ions. NLTE effects for Ba were described in detail ear-in line formation layers resulting in much larger NLTE effects
lier (Mashonkina et al. 1999). In Fig. 4 the departure coefftompared with the resonance lines ad61: for the Sun the
cients,b;, are shown for the solar atmosphere as a function NETE abundance correctioAny g is between —0.03 and —
continuum optical depthsgog at\ = 5000A. In the first place, 0.01 dex for\4215 and between 0.02 and 0.03 dex fot161
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depending on the efficiency of H atom collisions whiig;; T

ranges from —0.18 to —0.35 dex fdt0327. LOP b
A similar behaviour of the departure coefficients result- P T

ing in an amplification of the\4215 line and a weakening of 08f- 7

A4161 has been found for all the stars of our sample. The first I

NLTE calculations for Sn (Belyakova & Mashonkina 1997) o6

have shown that in very metal-poor atmospheres ther8so-
nance lines are not strengthened but weakened compared with
the LTE case. The same phenomenon was found for the Ba
lines, too (see Sect. 3). For the Bdines Axy g changes its

sign at [Fe/H] between —1.5 and —1.9 dependindghwhile

for the Sni lines such a transition range is shifted to lower 42152 4215.4 42156 42158
metallicities between —2.1 and —3.0. At [Fe/H] =—-2.5 NLTE ef-
fects for the Sn resonance lines depend stronglyBg, log g

and [Fe/H], and neglecting NLTE effects can lead to strontium
abundance errors up to 1 dex (Belyakova & Mashonkina 1997).

1‘00;—":: """"""""""""""""""""""""""" - é

0.90%
5. Strontium abundances 080§
5.1. Solar Sr lines :

The Sni resonance line4215 and the subordinate lind161 2
are used in this study to determine stellar Sr abundances. Both e
of them are blended. Solar profiles of these lines are fitted to
improve atomic parameters of blending lines. Another kind of ~ 050t e prrepes o
important atomic data is the efficiency of hydrogen collisions in ' ' '
the Sni kinetic equilibrium calculations which is represented
by a scaling factorky applied to Steenbock & Holweger's
(1984) version of Drawin’s (1968,1969) formula for the com- g
putation of H atom collisional rates. As mentioned above, the os0:
lines\10327 and\10914 reveal strong NLTE effects, and they £
are therefore most suitable to estimate this scaling factor from E
solar line profile fitting. 0.70F

We use solar flux observations taken from the Kitt Peak g
Solar Atlas (Kurucz et al. 1984). Our synthetic flux profiles are g
convolved with a profile that combines a rotational broaden- 050
ing of 1.8 kms'and broadening by macroturbulence with a g
radial-tangential profile oV;,.. = 2.8 km s~ !for the infrared S ey ey ey e e
IineS,VmaC =32 km S_lfOI' 4215 and/mac =35 km s‘lfor 1.03268+10" 1.03270-10" 1.0327210" 1.03274+10" 1.0327610" 1.03278+10
A4161. For the solar Sr abundance we accept the meteoritic

valueloges, = 2.92 from Grevesse et al. (1996). A depthrig 5 synthetic NLTE (continuous line) flux profiles of the Sines

independent microturbulence of 0.8 km'ss adopted. For a compared with the observed spectrum of the Kurucz et al. (1984) solar

calculation of van der Waals damping constafitswe have flux atlas (bold dots). The pure 8rA4215 and\4161 NLTE profiles

derived a formula based on Anstee & O’'Mara’s (1995) calcidotted line) are shown for comparison. For theiSy10327 the LTE

lations, where profile is given as dashed line. See text for discussion of the fitting
parameters

0.70F

1.00E

o

80F

0.60F

0.40F

logCs = —42.598 + 15.13 a + (1 — 2.5a) logv + 2.5log T,

with

T — (@ p(4 - a)) one goes from T = 4000K to T = 6000K. Therefore the small
Q 2 variation of Cs across line formation layers can be neglected

Herev = (8kT/mpu)'/? andp = MxMy /(M 4+ My) is in calculations of line profiles, and we use in this study depth-

the reduced massy, is a line-broadening cross-section and independent’s-values computedta = 6000K.

is a velocity parameter. The values @f and« are tabulated A10327 and\10914 We uselog gf (A10327) = —0.35 and

in the papers of Anstee & O’Mara (1995), Barklem & O’'Mardog gf (A10914) = —0.64 according to Wiese & Martin (1980).

(1997, 2000), and Barklem et al. (1998). THgvalue depends The recent results of Guet & Johnson (1991) and Brage et al.

only slightly on temperature a7~ 125>, At typical values of (1998) give similar valuesog g f (A\10327) =—-0.30 and —0.34,

a (between 0.2 and 0.4)g Cs changes by 0.04 at maximum asespectively, andbg ¢ f (A\10914) = -0.59 and —0.62. Thig&;-
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values for these lines (Table 3) have been computed wjth Table 3. Atomic data for the Sn lines. Most of the entries are self-

andq taken from Barklem & O’Mara (2000). explanatory;f;; of the HFS components correspond to Sr isotopic
We compared different atomic models excluding and igbundances of solar system matter

cluding H atom collisions with cross-sections calculated ac-

cording to Steenbock & Holweger (1984) and scaled by var- AA] HFS logvr  logCs
ious factorsky. If hydrogen collisions are neglected we ob-  transition AX[MA]  fi

tain for both lines broader and deeper theoretical profiles com- 4215534 _17 0.0078 8.125 -32.02
pared with the observed ones. Inclusion of these processes wim?Sl/2 -5p°P3 —11 0.0052

kg= 0.1 makes the NLTE profile shallower and narrower than -1 0.0333

the observed one. The best fits of both lines are obtained at 0 0.279

ky=0.01. In Fig.5 (bottom panel) we show one of these lines, 13 0.0028

A10327. For comparison the LTE profile corresponding to the 18 0.0078

same fitting parameters is presented, too. It is obvious that as-_ 4161.794 0.19 8.529 -31.40

5P2PT/2 - 65251/2

10327.311 0.074 8.175 -31.60
4d®Dy ), - 5p°P5 5
10914.877 0.058 8.125 -31.60
Dy /5 - 5P2P§/2

suming LTE we cannot fit tha10327 line profile with reason-
able values ofog s, andV,,;.; even the line wings are affected
by NLTE effects.

A215 The Sni resonance lines are affected by hyper-4d2
fine structure (HFS). Strontium is represented by four sta-
ble isotopes. For solar system matter the ratio of the even
Sr isotopes to the odd one¥ $r+36Sr+33Sr) : 37Sr is 93:7 _
according to Cameron (1982). Isotopic shifts are very sm&fi 1oges: = 2.92 and reasonable values \df;i.. The best fit
(< 2mA) but the odd isotopes have hyperfine splitting dffig-5, middle panel) is obtained withhggf = —0.41 and
their levels resulting in several HFS components for a specti@$ Cs = —31.4. The last value is larger by 0.1 compared with
line. We use the data on wavelengths and relative intensitied## classical Urd (1955) constant.

HFS components given by McWilliam et al. (1995). Oscillator

strengths of separate components (Table 3) have been calsw stellar Sr abundances

lated using solar Sr isotopic abundances lady f (\4215) =

—0.172 from Wiese & Martin (1980). The most recent valué\s mentioned above both 8rlines of interest are blended.

log gf(A\4215) = —0.175 of Brage et al. (1998) coincides withTo obtain a good line profile fitting of the stellar spectra and,
that adopted in our study. thus, to reduce Sr abundances errors we use only the spectra ob-

The Sni \4215.539A line is blended by the strong Fe served at Rz 60000 in 1998 to 2000. An exception refers to the
A\4215.426A line and by a few CN molecular lines in the farfour stars, HD 45282, HD 194598, HD 201891 and G268,
blue and red line wings. We treat F&4215 with the fixed particularly important for our study. In total, Sr abundances
values oflog g f = —1.76 andlog Cs = —30.69. The last value have been determined for 49 stars and for 36 of them from both
was calculated using the above formula. For the Bigrer.  Sril lines. The weakeA4161 line disappears at [Fe/K] —1.
= 7.51 was adopted. Oscillator strengths of the CN moleculag an example, we give in Fig. 6 the 5r1\4215 line profiles
lines were fitted to reproduce the observed blend profile. ~ for the three metal-poor stars and thetiSk4161 line profile

Sril \4215 is strongly affected by van der Waals damping@r one of them. The contribution of the Fa4215.426A line
The classical Uridld (1955) formula givesog Cs = —32.275 blend reduces rapidly with decreasing [Fe/H] because the elec-
while the formula above leads tog Cs = —31.805 with o, tron number density affects line strengths of minor species such
anda from Barklem & O’Mara (2000). Varyindpg C; by only as Fe much more than those of dominant ionization stages
0.1 has a significant effect on the total energy absorbed in taigch as Sn. It can be seen in Fig. 6 (right column, bottom
line. A careful analysis of the solar line profile makes possiblga@nel) that for HD 84937 the contribution of the IF&4215
separation of collisional broadening and blending effects. Thee is negligible. This holds also for the other 3 stars of our
best fit obtained witdog Cs = —32.02 is presented in Fig.5 sample with [Fe/Hk —1.9 and7cs > 6000K.

(top panel). For comparison we give also the pura 34215 NLTE effects for the Sn lines are small for all the stars of
NLTE profile calculated with the same parameters. our sample: NLTE abundance correctiahg; rr are negative

We did not succeed fitting the4215 line core (Fig.5) be- for A4215 and positive fon4161 and do not exceed 0.07 dex
cause it is formed in the uppermost atmospheric layers ab@vel 0.05 dex, respectively, by absolute value. For 36 stars with
log 75000 = —4, and it is most probably influenced by a nonboth Sni lines investigated a difference of NLTE abundances
thermal and depth-dependent chromospheric velocity field tligrived fromA\4215 and\4161 is mainly within 0.08 dex with
is not part of our solar model. the mean value of 0.0& 0.06 dex while the mean difference

A4161. This line is located in the far red wing of two strongof LTE abundances is 0.05 0.06 dex.
blends, Fe \4161.488A and Till A4161.534A. In addition, In general, Sr abundances derived from the resonance line
absorption in a few CN and SiH molecular lines near 4161d&pend on the even-to-odd Sr isotope ratio adopted in calcu-
A lowers the continuum flux by about 5%. We have found thégtions. We concluded in Paper | that Ba and Eu in halo and
loggf = —0.50 given by Wiese & Martin (1980) does notthick disk stars were mainly produced by r-process in high-
allow to reproduce the solar 8rA4161 line with a fixed value mass stars. Sr might be produced not only in the r-process but
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Fig. 6. NLTE synthetic (continuous line) and pure Sr Il line profiles (dotted) compared with observed FOCES spectra (bold dots) of HD 69611
([Fe/H] = —-0.60, top row), HD 144579 ([Fe/H] = —0.69, bottom row, left panel) and HD 84937 ([Fe/H] = —2.07, bottom row, right panel)

also in a weak s-process that is related to high mass stars, that in “late” thick disk stars ([Fe/H}> —0.5) strontium is un-
According to Arlandini et al. (1999) the r-process contributederabundant relative to iron by 0.1 dex, and this value coincides
only to the®®Sr isotope; the consequence of a dominating with the Ba underabundance reported in Sect.3 for the thick
process is therefore the disappearance of HFS componentdigk stars. Underabundances of Sr relative to iron are typical
the Sni lines. On the other hand the separation of HFS compior the halo stars which are close together with a mean value of
nents of the\4215 line is not large (35 A at maximum, see [Sr/Fe] = —0.104+ 0.02. The discrepant result for BIa°2476
Table 3); Sr abundances derived fro#215 with and without was dropped (see Sect.6 for further discussion of this star).

HFS thus differ by 0.07 dex at [Fe/H] —2. According to Beer The thick disk star, BD°2245 ([Fe/H] = —1.13), reveals a

et al. (1992) the weak s-process produces much more eversgpyerabundance relative to iron similar to that found for Ba
isotopes than odd ones®Br + *Sr) : ®7Sr = 93 : 7, similarly (Sect.3). There is no i#PARCOSparallax for this star and the

to the main s-process which defines the solar system evengfcertainty of stellar parameters could explain apparent pecu-
odd Sr isotope ratio. The ratio of the weak s- to r-processjigr abundances of Sr and Ba. Another explanation would be
estimated as 3:2 (Arlandini et al. 1999). Consequently, the Ug@t this star was the secondary component of a binary, and that

of asolar even-to-odd Sr isotope ratio leads to an uncertainfye observe accreted s-process products formed in the evolved
of Sr abundances in halo and thick disk stars of not more thgfimary component.

0.02 - 0.03 dex. We neglect such a small value and use the solarT

) s here are only a few Sr abundance studies of cool stars
even-to-odd Sr isotope ratio for all stars of our sample.

in the literature. For the sample of 16 stars including dwarfs,
The final [Sr/Fe] are presented in Table 1 and Fig. @iants and supergiants Gratton & Sneden (1994) have found
Whenever both Sr lines were available the average value wasmall Sr excess in the metallicity range from —0.9 down to —2.8
calculated. It can be concluded from Fig. 7 that the general wgith the mean value [Sr/Fe] = 0.6 0.11 (10 stars) and slight
haviour of the [Sr/Fe] abundance ratios with respect to metalderabundance of Sr relative to Fe up to 0.15 dex for 6 stars
licity is similar to that of [Ba/Fe] (Fig. 1, top panel). For thewith [Fe/H] > —0.6. These data are based on the examination
thin disk stars there is a spread in [Sr/Fe] up to 0.3. Similarly & equivalent widths of the Sr A\4161 line, and the authors
[Ba/Fe] this points to a correlation of [Sr/Fe] with stellar agenote that the [Sr/Fe] ratios given by theiSresonance line at
for 12 stars older than 5 Gyr the mean valfie/Fe] = —0.10 4215Aare smaller by 0.2% 0.04 dex. The mean ratio [Sr/Fe]
while for 7 stars younger than 5 Gifir /Fe] = 0.04. The thick =-0.14 deduced from4215 line for the halo stars is in agree-
disk stars show a decline of [Sr/Fe] with [Fe/H] increasing, sment with that found in the present study. At [Fe/H] —1
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6. Element abundance ratios [Eu/Ba], [Eu/Mg],
[Sr/Ba], and the evolution of the Galaxy

0.2}
In this section we discuss the [Eu/Ba], [Eu/Mg] and [Sr/Ba]
® o o abundance ratios (Fig. 8) in the halo, thick and thin disk of
0.0 S v °C the Galaxy. These ratios provide useful diagnostics of the role
sy * gk ol o, © of diﬁerent processegyeprocgss, weak and main S-process, r-
c process) in the chemical enrichment of the interstellar gas and
0.2 * B o . . . .
thus give important information about dominant sites of nucle-
osynthesis at different epochs of Galactic evolution.
.0_4+ i There is strong evidence that the relative eleme(dal
‘ ‘ ‘ ‘ ‘ least, with Z< 70) r-process abundances have not changed
-2.0 15 -1.0 0.5 0.0 over the history of the Galaxy. Sneden et al. (1996) have
(Fe/H] found the elemental abundances in the extremely metal-poor
) star CS22892-052 ([Fe/H} —3.1) consistent with the solar
The run of [Sr/Fe] with [Fe/H]. Symbols are the same as i a5 distribution for the elemerfts> 56. Similar results
have been obtained for another three halo stars ([Fe/H] = -2.7
and —1.7) by Cowan et al. (1999) and for the three stars in the

the Sni subordinate line is rather weak, and in our opiniogilobular cluster M15 ([Fe/H] = —2.2) by Sneden et al. (2000).
Sr abundances based on theiSx4215 line are more reliable Hill et al.(2001) studied elemental abundances in the range
than those derived from 8rA4161. Using equivalent widths Z =38t0 Z =92 in the halo star CS 31082-001 with [Fe/H] =

of Sril AM4077 and\4215 for a sample of cool dwarfs in the2.9 and concluded that the 56< Z < 70 elements are very
metallicity range similar to ours, Hartmann & Gehren (1988yell reproduced by a solar r-processin Fig. 8 (top panel) we
have obtained [Sr/Fe] abundance ratios close to solar, indep8glude a line indicating the solar abundance ratio of Eu to Ba
dent of the general metal abundance. However, the large s€Qitributed by the r-process (Arlandini et al. 1999) relative to
ter of up to 0.5 dex masks any features in the run [Sr/Fe] \JBe total abundances, [Eu/Ba} 0.70. This value is uncertain
[Fe/H]. Based on the $rA4607 line Jehin et al. (1999) havewithin 0.1 dex mainly due to an uncertainty of the r-process
obtained [Sr/Fe] abundance ratios between 0 and —0.4 fof@qtribution to'**Ba estimated by Arlandini et al. (1999) as
sample of 21 mildly metal-poor stars in the narrow metallicity8%. To obtain the pure r-process [Sr/Babundance ratio the
range from —0.8 down to —1.3. We remember that using the Leentributions of the main and weak s-process to solar Sr have
assumption may result in an underestimate of element abifbe evaluated. The main s-process contributes 85% accord-
dances derived from spectral lines of minor species suchias $1d to Arlandini et al. (1999). Up to now there is no realistic
Magain (1989) has studied only metal-poor stars with [Fe/#H)odel of the weak s-process and Arlandini et al. estimate the
< —1.4 and obtained a Sr excess of about 0.4 dex at [Fe/Hjtio between the weak s-process and r-process contributions
between —1.5 and —2.5 and a decline of the [Sr/Fe] abunda#&olar Sr as 3:2 using the schematic approach of Beer et al.
ratios at lower metallicities, however, he notes that results 13f992). This gives [Sr/Ba]= —0.50, while the solar ratio of

Sr should be considered pseliminary due to the strength of St contributed altogether by the r- and weak s-process to Ba
the available lines (Sr A4077 and\4215) and the uncertain-contributed by the r-process, [St,/Ba.], equals —0.10. The
ties affecting the gf-values as well as the damping constarlgst value is determined with less uncertainty of about 0.1 dex
In the range of overlapping metallicities his data are differe@@mpared with 0.2 dex or even more for the [Sr/Baitio.

from ours. For extremely metal-poor stars with [FeA]-2.4 Our results, apparent from Fig. 8, confirm in general and
McWilliam et al. (1995) and Ryan et al. (1996) have found improve the conclusions drawn in Paper I; they also provide
decline of the [Sr/Fe] abundance ratios with decreasing metédile fundaments of new conclusions.

licity and a spread in these ratios up to 2.5 dex. Elemental abun- Europium is overabundant relative to bariumhialo stars
dances were determined from theliSk4077 and\4215 lines with a mean value [Eu/Ba] = 0.61. We have analyzed only
with the LTE assumption. It was noted in Sect.4 that for exhree halo stars and this limits us in drawing reliable conclu-
tremely metal-poor stars NLTE effects for theldimes depend sions concerning the halo. However, these stars complement
strongly on stellar parameters. We give one example. For tivom the side of a moderate metal-deficiency the sample of
stars of Ryan et al. sample, BS 16968-081:(= 6000K,log g 14 extremely metal-poor stars with [Fe/d] —2.4 studied by

=4, [Fe/H] = -3.08) and CS 22186-005. = 6000K,log g = McWilliam (1998). Using the LTE assumption he has obtained
2, [Fe/H] =—-2.77), we have computed NLTE abundance cola mean value [Eu/Ba] = 0.69. At stellar parameters typical for
rectionsAnxprg = 0.25 dex and 0.60 dex, respectively. Basedus sample our NLTE calculations for Baand Eul show pos-

on NLTE Sr abundances we obtain for these stars new valitdge NLTE abundance corrections for both elements but their
[Sr/Fe] = —0.25 and —0.63 instead of —0.50 and —1.23 as delues are larger for barium. So, the mean value [Eu/Ba] = 0.69
termined by Ryan et al. Therefore, the large spread in [Sr/Helind by McWilliam might be smaller by about 0.05 - 0.1 dex,
ratios published by McWilliam et al. (1995) and Ryan et ahnd our data for the moderately metal-deficient halo stars show
(1996) may be at least in part due to neglecting NLTE effedtse same [Eu/Ba] ratio. Thus, the observed [Eu/Ba] ratios, close
for the Sni lines. to [Eu/Ba]. = 0.70 independent of metallicity, favotire dom-

[Sr/Fe]

Fig. 7.
Fig.1
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cept for BD34°2476). For most stars of his sample McWilliam
08 | (1998) has obtained positive or close to 0 [Sr/Ba] abundance ra-
pure r-process tios. Thus, [Sr/Ba] in halo stars is much higher compared with
o6l . | [Sr/Ba]. = —0.50, and a secondary source of Sr must have oc-
* 0 curred. Could the weak s-process be that source? Similarly to
04l ° o a ] the r-process it runs in high-mass stars with an evolution time
'@' consistent with the short timescale for the halo. On the other
c hand, the amount of Sr produced by the weak s-process is ex-
pected to be very low in metal-poor stars simply due to the sec-
ondary nature of the weak s-process. We note that halo stars re-
o © veal [Sr/Ba] abundance ratios close to,[$F/Ba,.] =-0.10. Is
02 ‘ ‘ ‘ ‘ ‘ this similarity accidental? Or is it because the efficiency of the
-2.0 -15 -1.0 0.5 0.0 weak s-process becomes more significant at [Fe/H]2? An
alternative possibility would be that the second Sr source is the
02 ‘ a-rich freeze-out, as detailed by Woosley & Hoffman (1992);
' o° this mechanism is predicted to synthesize elements up to the
« e N Sr region, and as a primary process should not be extinguished
-0.0 x - hd %o, c at low metallicity. More theoretical work will be required to
L [StewBal X % PR answer these questions.
* o Only one halo star, BR4°2476, reveals a clear Sr un-
02 © i derabundance relative to Ba with [Sr/Ba] = —0.34. The two
CH subgiants from McWilliam’s (1998) sample show [Sr/Ba]
* < —0.4. Does it mean these stars formed far from the weak
04r ] S-process sites?
pie Tprocess Europium is overabundant relative to bariumtliick disk
06 ‘ ‘ ‘ ‘ ‘ starswith [Eu/Ba] abundance ratios between 0.56 and 0.35. We
2.0 15 -1.0 05 0.0 first note a slight decline of this ratio with increasing metallic-
ity: [Eu/Ba] reduces by about 0.1 - 0.15 dex as [Fe/H] grows
from —1 to —0.3. This means thtkte r-process remained dom-
inant in heavy element production during thick disk evolution
At the same timegvolved low mass stars started to enrich the
« interstellar gas by s-nuclei of B&he decrease of the [Eu/Ba]
02 o ] ratio by 0.1 - 0.15 dex constitutes a constraint to the duration
< c of that phase. From the small contribution of the s-process to
0.0 e o " E?&C Ba production we conclude that, similar to the hahe thick
disk population formed in the early Galgxyhen high mass
stars were the main sites of nucleosynthesis. Keeping in mind
the evolution time of AGB star progenitors we suppose that
04b | the duration of haland thick disk formation was not much
‘ ‘ ‘ ‘ ‘ longer than 1 Gyr. This conclusion is in good agreement with
2.0 15 [Fé}Hc]) 05 0.0 ages of the three thick disk subgiants of our sample obtained
by Bernkopf et al. (2001) on the base of recently improved
Fig. 8. Variation of element abundance ratios with [Fe/H]. Symbolstellar interior calculations. Bernkopf et al. (2001) give 18.8
are the same as in Fig. 1. Dotted lines in the top panel limit the range8 Gyr, 13.5+ 1.3 Gyr and 12.5+ 1.1 Gyr for the thick disk
of the [Eu/Ba] ratio uncertainty subgiants HD 3795, HD 10519 and HD 222794, respectively. It
is also compatible with age estimates for halo stars based on
the detection of the Th A4019 line in spectra of very metal-
inance of the r-process heavy element synthesis during the fegor stars of Sneden et al. (1996) and Cowan et al. (1999) who
mation of the halo populatiorif the upper mass limit of AGB have obtained an average age of 1%.6l.6 Gyr for the two
stars’ progenitors, responsible for Ba synthesis in the s-procestars CS 22892-052 ([Fe/H} —3.1) and HD 115444 ([Fe/H]
lies between 3 M (Raiteri et al. 1999) and 4 M (Travaglio et ~ —2.7); Sneden et al. (2000) also have determined an age of
al. 1999) s-nuclei of Ba appear after about 0.3 - 0.6 Gyr froi & 3 Gyr for the stars in M13Recently Cayrel et al. (2001)
the beginning of the protogalactic collapse. From the insignifiave detected the Ui A3859.57 line in the very metal-poor
cant contribution of the s-process to Ba production we conclusiear CS 31082-0018 and using uranium abundance as a cos-
thatthe halo population has formed rapidly during an intervamochronometer have estimated an age of this star as 12.5
of 0.3-0.6 Gyr + 3 Gyr. As Spite (2001) kindly informed us, theg f —value
Strontium is slightly underabundant relative to barium iof the Uil line has been revisited since the publication of
halo stars with a mean value of [Sr/Ba] = —0.650.06 (ex- Cayrel et al. (2001) result and the age is now 13.2 2 Gyr.
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Thus, within error bars the thick disk stellar population is a& Shigeyama 1998; Travaglio et al. 1999). Ishimaru & Wanajo
old as the halo. We note further that the halo and thick di$k999) constrain the mass range of SNe for the r-process site by
stars’ ages agree well with the recent cosmological age esiiher 8 - 10 M, or > 30Mg,. If the production of Eu is related
mates, based on high-redshift supernovae, of #4185 Gyr to low mass SNe while Mg is produced in larger amounts in
(Perimutter et al. 1999) and 144#21.7 Gyr (Riess et al. 1998). high-mass SNe we should expect an underabundance and, cer-
Strontium is slightly overabundant relative to barium in th&inly, not an overabundance of Eu relative to Mg in the oldest
thick disk stars with the mean value [Sr/Ba] = 0.850.05. stars of the Galaxy. We have inspected europium and magne-
This could be due to a strengthening of the weak s-process wdthm abundances available in the literature. For a sample of
increasing overall metallicity. Theoretical studies of the wedl@ halo stars with [Fe/H] from —2.66 to —1.48 from Magain’s
s-process are required to test this idea. (1989) work the [Eu/Mg] abundance ratios vary from —-0.01
This study confirmghe step-like decrease of the [Eu/Ba}o 0.51 with the mean value [Eu/Mg] = 0.18. Only one star,
abundance ratio at the thick-to-thin disk transitifsound in our HD 140283, shows an underabundance of Eu relative to Mg of
previous analysis (Paper I). In the region of overlapping met&l-30 dex, however, for the same star Ryan et al. (1996) give
licities the [Eu/Ba] ratios in the thin disk stars are lower ofEu/Mg] = 0.33. A surprisingly large spread in [Eu/Mg] can
average by 0.25 dex compared with the thick disk stéhés be found in the McWilliam et al. (1995) and Ryan et al. (1996)
finding is indicative of a phase of ceased star formation bdata for very metal-poor stars. In the first paper the [Eu/M(g] ra-
fore the onset of the thin disk formatidanring which r-process tios vary from —0.52 to 1.95 for the sample of 14 stars and in the
element production stopped but s-process nuclei of Ba wererond one from 0.15 to 1.86 for a sample of 12 stars with one
synthesized in evolved low mass stafbe duration of this in- star revealing [Eu/Mg] = —1. At the same time, we note a large
termediate phase can be evaluated from calculations of thedssergence of elemental abundances between these two studies
process nucleosynthesis in AGB stars, and our [Ba/Fe] (Fig. igr stars in common. For example, for CS 22952-015 ([Fe/H
and [Eu/Ba] (Fig.8) ratios provide observational constraints~ —3.4) McWilliam et al. and Ryan et al. obtain [Mg/Fe] =
Such a hiatus in star formation was suggested by Gratton et-al. 18 and 0.38, respectively; for CS 22968-014 ([FeiH3.4)
(1996) and Fuhrmann (1998) on the base of hé¢] abun- [Mg/Fe] = —0.06 and 0.64; for CS 22885-096 ([Fe#H-3.8)
dance ratio analyses. Direct evidence of a star formation gapan et al. find an overabundance of Eu relative to Fe of 1 dex
between thick and thin disk of no less than 3 Gyr is givewhile McWilliam et al. cannot even measure the IElines.
by Bernkopf et al. (2001). They have obtained stellar ages ddius, much more observational work will be required to im-
tween 6.8 and 8.1 Gyr for the three thin disk subgiants apdove europium to magnesium abundance ratios in halo stars.
between 12.5 and 13.8 Gyr for the thick disk subgiants mefv{arge spread in [Eu/Mg] for very metal-poor stars, if it exists,
tioned above. Thus, from the point of view of their chemicahdicates different sites for Mg and Eu production and quite
history and age the thick disk stellar population is much clos@sufficient mixing of the interstellar gas in the early Galaxy.
to the halo than to the thin disk stellar population. As our sample of halo stars is small (3 stars) we can
The thin disk stars show a steep decline of the [Eu/Bdtaw only a preliminary conclusion that our data on the
abundance ratios with increasing metallicity: [Eu/Ba] is rdEu/Mg] abundance ratios in the halo and “early” thick disk
duced by about 0.35 dex as one goes from [Fe/H] = —0.5gtars complemented by the data available in the literadore
0.25. These data indicate that evolved low mass stars now prot support theoretical models of the r-process based on low
duce larger masses of s-process elements as compared witlmtags SNeAssume that Eu is mostly produced in the higher
return of r-elements from high mass stars, well in agreemenass SNe compared with Mg. In this case a timescale for the
with the thin disk IMF and the long timescale of about 9 Gygalactic halo is defined by a time delay of SNe Il producing
Sr nearly follows Ba in the thin disk stars and this confirmlg and it cannot be larger than 20 million years which is
again that the main s-process now becomes dominant in the evolution time of 8 M, mass star (Massevich & Tutukov
production of these elements. 1988). Therefore the halo formation phase may indeed be much
In Paper | we have first reported an overabundance siforter than the 0.3 - 0.6 Gyr deduced above from the analysis
Eu relative to Mg in two halo stars. One halo star added of the [Eu/Ba] abundance ratios.
this study, HD 103095, shows the same overabundance with Summing up the above results we imagine the following
[Eu/Mg] = 0.27. Moreover, there is a marginal tendency tscenario of the Galaxy evolution. The first stellar population
wards a higher [Eu/Mg] ratio in the “early” thick disk stars (thef the Galaxy consisted of very high-mass stars and produced
mean value [Eu/Mg] = 0.04- 0.05 at [Fe/H]< —0.65) com- heavy elements with a higher efficiency for the r-process ele-
pared with the “late” thick disk stars (the mean value [Eu/Mghents compared with—elements or iron. Thus the interstellar
= —0.05+ 0.04 at the near solar Mg abundances, except foas, out of which the second stellar population (halo) formed,
HD 3795 with [Eu/Mg] = 0.17). had [Eu/Mg] > 0, [Eu/Fe]> 0 and [Mg/Fe]> 0. The halo
The knowledge of the [Eu/Mg] abundance ratio in the oldstellar population formed during a very short interval compa-
est stars of the Galaxy is of great importance for an estimaible to the evolution time of progenitors of those SNe Il re-
of the timescale for early Galaxy formation. Theoretical presponsible for Mg production. The question then is: what are
dictions of SN Il element yields show that/Fe] increases masses of these progenitors? The halo formation was charac-
with increasing progenitor mass (Arnett 1991). Most theoreterized by a very high star formation rate. During this phase r-,
cal models of r-process nucleosynthesis are based on low masdements and iron were produced with nearly the same ef-
(8 - 12 M) supernovae (Mathews & Cowan 1990; Tsujimotéiciency and, probably, in common sites, so that the [Mg/Fe],
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